Ammonia-oxidizing microorganisms compete with phytoplankton for reduced nitrogen in the euphotic zone and provide oxidized nitrogen to other microbes present in the sea. We report 15 NH z 4 oxidation rate measurements made at 5-20-m resolution using an in situ array and quantification of ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) in corresponding samples from the upper water column and oxygen minimum zone (OMZ) of the Gulf of California (GOC) and eastern tropical North Pacific Ocean (ETNP). 15 NH z 4 oxidation rates varied substantially with depth and between stations: they were greatest at the base of the euphotic zone, and maximum rates were up to 28-fold greater than rates measured within 5-10 m. Pyrosequencing and quantitative polymerase chain reactions (QPCR) indicated that AOA were present throughout the water column at all latitudes and always outnumbered AOB. AOB constituted only 39 of 432,240 16S ribosomal ribonucleic acid gene sequences produced via pyrosequencing but were more abundant at greater depths and higher latitudes. 15 NH z 4 oxidation rates were correlated with AOA abundance at some stations and were detectable in 96% of samples, including depths where oxygen concentrations were , 5 mmol kg 21 and depths within the euphotic zone, where up to 42% of ammonia oxidation occurred. Ammonia is rapidly oxidized within discrete depth intervals in the GOC and ETNP; while pyrosequencing and QPCR demonstrate that AOB are confined to deeper portions of the water column, AOA appear to be active within the euphotic zone, where they may quickly respond to nitrogen inputs.
Nitrification is a central process in the oceanic nitrogen (N) cycle that acts as a biogeochemical bridge between N inputs from the atmosphere via N 2 fixation and N losses via the anaerobic processes of denitrification and anaerobic ammonium oxidation (anammox) (Francis et al. 2007; Canfield et al. 2010a) . Because N is a required nutrient for all organisms and limits primary production across large areas of the ocean (Mills et al. 2004) , determining how nitrification may affect N availability is of critical importance. However, two emerging lines of research indicate that our understanding of oceanic nitrification is incomplete: nitrification is now thought to occur at higher rates and over greater depth ranges than previously appreciated (Yool et al. 2007; Church et al. 2010; Santoro et al. 2010) , and marine Thaumarchaeota (BrochierArmanet et al. 2008 ) play a substantial but poorly constrained role in nitrification (Agogue et al. 2008; Beman et al. 2008; Santoro et al. 2010) . Because the cultivated marine thaumarchaeon Nitrosopumilus maritimus (Kö nneke et al. 2005) has a remarkable affinity for ammonia (NH 3 ) that would allow organisms with similar physiology to directly and successfully compete with phytoplankton for N (Martens-Habbena et al. 2009 ), placing quantitative constraints on nitrification rates and nitrifier distributions in the sea is essential to our understanding of oceanic N cycling.
The two sequential steps of nitrification are catalyzed by different groups of microorganisms: ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) oxidize ammonia (NH 3 ) to nitrite (NO { 2 ), and nitriteoxidizing bacteria (NOB) subsequently oxidize NO { 2 to nitrate (NO { 3 ); our focus in this study is the first and ratelimiting step of the process: ammonia oxidation. Coupled ammonia and nitrite oxidation consequently convert the most reduced form of N in the ocean (NH 3 ) to the most oxidized form (NO of all marine primary production (i.e., not just new production) is sustained by NO { 3 that is produced in the euphotic zone by nitrification. This surprising global-scale calculation is supported by direct measurements on a regional scale: Santoro et al. (2010) compared 14 C primary production rates with nitrification rates measured in the California Current and calculated that nitrification could supply 25-36% of the N required by phytoplankton.
A more important biogeochemical role for oceanic nitrification squares well with ammonia serving as an energy source for marine Thaumarchaeota: these organisms dominate microbial communities beneath the euphotic zone, where they number , 30% of all cells and constitute one of the most abundant microbial groups in the sea (Karner et al. 2001) . Evidence for ammonia oxidation by marine Thaumarchaeota continues to accumulate, and with a few exceptions (Agogue et al. 2008 ; but see Konstantinidis et al. 2009; Church et al. 2010; Santoro et al. 2010) , molecular studies indicate that many Thaumarchaeota have the ability to oxidize ammonia (i.e., are AOA; Francis et al. 2005 ) and actively do so in the ocean (Lam et al. 2007; Beman et al. 2008; Church et al. 2010) . AOA outnumber AOB by several orders of magnitude in seawater (Mincer et al. 2007; Beman et al. 2008 Beman et al. , 2010 , but how these microbial groups vary in relation to one another and across oceanographic gradients is not well known.
Ammonia oxidation is particularly important in oceanic oxygen minimum zones (OMZs), where low oxygen conditions at depth allow N loss through anaerobic N cycling processes to occur. How exactly N cycling proceeds in these regions is debated (Lam et al. 2009; Ward et al. 2009; Canfield et al. 2010b ) but has an important bearing on the global N cycle because OMZs are unequivocally areas of fixed N loss from the ocean. In OMZs, ammonia and nitrite oxidation provide a source of oxidized N compounds that may be used by denitrifiers or anammox bacteria as electron acceptors and converted to gaseous forms under anaerobic conditions (Lam et al. 2007 (Lam et al. , 2009 Canfield et al. 2010a ). Ammonia oxidation is therefore a prerequisite for N loss in OMZs. Nitrogen loss subsequently starves these regions of fixed N White et al. 2007) , and N turns over rapidly in these regions (Ward and Zafiriou 1988; Lipschultz et al. 1990; Lam et al. 2009 ); hence, competition for N between high-affinity AOA and other organisms is likely to be intense. Adding to this complexity, OMZs are expanding as a consequence of climate change (Keeling et al. 2010 ), altering the rates and distribution of N transformations in the water column. Placing quantitative bounds on microbially driven biogeochemical processes occurring in OMZs is therefore essential.
Here we quantify ammonia oxidation rates and ammonia oxidizer distributions across an oceanographic transect through northern portions of the eastern tropical North Pacific Ocean (ETNP), the largest oceanic OMZ. Using an in situ floating array and stable isotope tracer, ammonia oxidation rates were measured at higher resolution with depth than in any previous study. Ammonia oxidizers were quantified using real-time quantitative polymerase chain reactions (QPCR) and next-generation pyrosequencing of bacterial communities, producing a detailed view of ammonia oxidation in this biogeochemically important region of the ocean.
Methods
Sampling-Samples were collected in July and August 2008 aboard the R/V New Horizon. Seven stations were occupied for several days each, and temperature, conductivity, and chlorophyll concentrations were measured using a Seabird SBE 9 conductivity-temperature-depth (CTD) sensor package equipped with a Seapoint fluorometer and photosynthetically active radiation sensor (Biospherical Instruments QSP-2300). Samples were collected using 10-liter PVC bottles deployed on the CTD rosette; samples for nutrient measurements and Winkler titrations were typically collected on the first cast and analyzed within hours of collection to characterize the structure of the water column. We selected depths for rate measurements and collection of deoxyribonucleic acid (DNA) samples based primarily on nutrient concentrations: one to three depths above the primary NO { 2 and NH z 4 maxima were targeted, followed by five to seven depths spaced every 5 m and several additional depths spaced every 10-20 m. At each of these depths, ammonia oxidation rates were measured via addition of 15 N-labeled NH z 4 to polycarbonate sample bottles deployed on a free-floating array (see below), and DNA samples were collected (see below). Water samples for rate measurements and DNA samples were collected on the same cast at all stations. These were collected 14-20 h following nutrient/Winkler samples at Sta. 1-6; at Sta. 7, nutrient and oxygen samples were collected 4 h after the rate and DNA samples.
Biogeochemical measurements-Oxygen concentrations were measured using a SBE oxygen sensor and corrected based on Winkler titrations (r 2 5 0.997 for 187 samples for the cruise). Winkler-corrected SBE oxygen data are shown for the casts where rate and DNA samples were collected. NH z 4 concentrations were measured using the fluorometric method of Holmes et al. (1999) , and NO { 2 and NO { 3 concentrations were measured using standard colorimetric techniques (Strickland and Parsons 1972) ; NO { 3 was reduced to NO { 2 with cadmium for measurement. Samples collected at depths greater than 100 m were frozen and analyzed at the College of Oceanic and Atmospheric Sciences at Oregon State University following the cruise. A subset of samples that were measured aboard ship was included in this analysis, and shore-based analyses agreed well with shipboard measurements (r 2 5 0.88) but were slightly lower in concentration. Hence, frozen samples were corrected to shipboard-measured concentrations; r 2 for standard curves were 0.996-0.999 (oxygen measurements), 0.959-0.999 (NH In situ free-floating array-To measure ammonia oxidation rates as accurately as possible under in situ conditions, we deployed a free-floating array with sample bottles suspended at multiple depths in the water column. The design of the free-floating array and the procedure used for its deployment and recovery followed that described by Prahl et al. (2005) . Water samples were collected from the rosette into 250-mL polycarbonate bottles in the dark using silicone tubing, and samples were overfilled by three volumes to avoid oxygen contamination; chilled 15 Nlabeled NH 4 Cl (see below) was quickly added via a 1-mL pipette, and the bottles were sealed. Bottles were attached to the array immediately before deployment at dawn, and the array was deployed for , 24 h under in situ temperature and light conditions. Our deepest array-based incubations were placed at 160-m depth, and samples collected from depths greater than 160 m were incubated at 12uC onboard the ship using temperature-controlled incubators; this includes nine samples reported here. For five suboxic samples (Sta. 2, 100 m; Sta. 3, 100 and 120 m; and Sta. 4, 140 and 160 m), duplicate incubations were conducted both on the array and onboard the ship in 125-mL Wheaton serum bottles sealed with Viton stoppers to minimize oxygen exposure. Following array recovery, samples were filtered through 0.2-mm syringe filters, collected in 50-mL high-density polyethylene bottles, and frozen at 220uC until analysis at the University of Hawaii. (Sigman et al. 2001 ) was measured using methods described in Popp et al. (1995) and Dore et al. (1998) . Briefly, N 2 O produced from NO { 2 + NO { 3 was transferred from a reaction vial, cryofocused, separated from other gases using a 0.32-mm-inner-diameter 3 25-m PoraPLOT-Q capillary column (Agilent Technologies) at room temperature, and introduced into an ion source MAT252 mass spectrometer through a modified interface. Isotopic reference materials (United States Geological Survey-32, National Institute of Standards and Technology-3, University of Hawaii NaNO 3 ) bracketed every 12-16 samples and d 15 N values measured online were linearly correlated (r 2 5 0.996-0.999) with accepted reference material d 15 N values. Coefficients of variation for duplicate samples using this method ranged from 0.9% to 4.1% based on 41% of samples analyzed in duplicate. Accuracy and precision were further evaluated by multiple analyses of a sodium nitrate solution for which the d 15 N value of the solid NaNO 3 (i.e., University of Hawaii NaNO 3 ) had been previously determined using an online carbon-nitrogen analyzer coupled with an isotope ratio mass spectrometer (ConFlo II Delta-Plus) and were found to be less than 6 0.5% (6 0.00018 at% 15 N) for samples containing . 2.5 nanomoles of nitrate.
NH
Initial at% enrichment of the substrate at the beginning of the experiment (no NH z 4 ; see Eq. 1) was calculated by isotope mass balance based on NH z 4 concentrations determined fluorometrically (Holmes et al. 1999) (Kanda et al. 1987) . Integrated rates of 15 NH z 4 oxidation were calculated on the basis of the average rates measured per depth interval above the rate peak and by integrating a fitted (power law) curve from the rate peak down through the water column.
13 C uptake measurements-Carbon uptake rates were measured using 13 C-labeled bicarbonate tracer at each sampling station. Water was transferred from rosette bottles into , 2-liter, acid-cleaned (10% HCl), and Milli-Q-rinsed polycarbonate bottles using acid-washed and sterilized silicone tubing; for each incubation depth, duplicate , 2-liter volumes were collected for determination of the ambient (time-zero) d 13 C value of particles and volumetric concentrations of particulate organic carbon and nitrogen. To each bottle, 0.25 mL of a 0.05 molar NaH 13 CO 3 (99 atom% 13 C, Cambridge Isotope Laboratories) solution were added using a plunger-type syringe. All incubation bottles were filled to overflowing before being sealed with a Teflon-lined butyl rubber septum cap. Sample bottles were gently mixed, attached to the array, and deployed for , 24 h as described above. At the end of each incubation period, suspended particles were collected by gentle vacuum filtration through a 25-mm precombusted glass-fiber filter (450uC for 12 h, Whatman GF/F, nominal pore size 0.7 mm). Filters were immediately frozen (220uC) until analysis. Samples were acid fumed, dried overnight at 60uC, and then encapsulated in tin cups prior to analysis of their carbon isotopic composition using the methodology described in Prahl et al. (2005) . Based on previous experience in the Gulf of California, a 15% dark correction was applied to all calculations of 13 C uptake rates (White et al. 2007 ).
DNA sample collection and extraction-Two liters of seawater were collected from the CTD rosette and filtered through 25-mm-diameter 0.2-mm Suppor filters (Pall Corporation) using a peristaltic pump. Filters were flash frozen in liquid nitrogen and then stored at 280uC until DNA extraction using a protocol slightly modified from Beman et al. (2008) : filters were bead beat for 2 min and then incubated with 800 mL of lysis buffer (20 mmol L 21 EDTA, 400 mmol L 21 NaCl, 750 mmol L 21 sucrose, 50 mmol L 21 Tris) and 100 mL of 10% SDS at 99uC for 1 min using a dry heat block; following the addition of 100 mL of proteinase K (10 mg mL 21 ), samples were incubated at 55uC for 3 h. Lysates were purified using Qiagen DNeasy columns according the manufacturer's protocol (Qiagen), and DNA concentrations were mea-sured using the PicoGreen assay and the manufacturer's protocol (Life Technologies Corporation).
QPCR analyses-QPCR analyses were identical to those used by Beman et al. (2010) . Archaeal amoA and 16S ribosomal ribonucleic acid (rRNA) QPCR assays used the following reaction chemistry: 12.5 mL of SYBR Premix F (Epicentre Biotechnologies), 2 mmol L 21 MgCl 2 , 0.4 mmol L 21 of each primer, 1.25 units of AmpliTaq polymerase (Life Technologies Corporation), 40 ng mL 21 bovine serum albumin (Life Technologies Corporation), and 1 ng DNA in a final volume of 25 mL. bAOB were quantified using the same reaction chemistry but without additional MgCl 2 . Primers (and relevant references for primer sequences), cycling conditions, QPCR standards, standard curve correlation coefficients, and PCR efficiencies are listed in Table 1 . All QPCR assays were performed on a Stratagene MX3005P QPCR system (Agilent Technologies), and continuity among QPCR assays was maintained by including in each run a subset of samples (n 5 6-8) from the previous run.
Pyrosequencing-DNA samples collected at all depths at Sta. 1-6 were sequenced using Titanium chemistry on the Roche 454 FLX platform at Research and Testing Laboratories. No samples from Sta. 7 were sequenced. We used the Bacteria-specific primers 27F (59-GAGTTT-GATCNTGGCTCAG-39) and 519R (59-GWNTTA-CNGCGGCKGCTG-39) ) modified with additional degeneracies (Ns in primer sequence) to amplify a portion of the bacterial 16S rRNA gene. Relevant Roche linkers were attached to primers, as were eight-base ''bar codes'' (Hamady et al. 2008) used to sort 60 individual samples from the six stations. For the 60 samples, we recovered 714,245 sequences with a median read length of 475 base pairs (bp).
For quality control, we used the approach of Huse et al. (2007) that is commonly used in the literature (Brown et al. 2009; Galand et al. 2009 ). Briefly, we used the program mothur (http://www.mothur.org; Schloss et al. 2009 ) to discard sequences: . 6 100 bp from the median sequence length, containing any ambiguous bases, containing homopolymers . 8 bp, of , 25 average quality score, and that did not exactly match the forward primer and bar code sequence. The final criterion is where most (62% of all discarded sequences) sequences were removed. We did not screen sequences based on the reverse primer, as some of the reads are high-quality sequences that did not extend to the reverse primer. In total, 282,005 sequences (34%) did not meet quality control criteria and were excluded from subsequent analyses; a total of 432,240 bacterial 16S rRNA sequences were analyzed. Community composition of individual samples was determined using the Ribosomal Database Project Classifier (http://pyro.cme.msu.edu; Wang et al. 2007 ) using default parameters. Kunin et al. (2010) note that pyrosequencing errors may inflate estimates of microbial diversity, but our analysis is insensitive to this, as we are identifying AOB sequences based on similarity to database sequences. AOB 16S rRNA sequence data have been submitted to the GenBank database under accession numbers JQ478836-JQ478874.
Data analysis-Oceanographic data were visualized in Ocean Data View (http://odv.awi.de), and statistical analyses were conducted in MATLAB version 7.6.0 (R2008a). Small black dots denote the depths of bottle samples collected for nitrate measurements, and discrete temperature and oxygen data for the same depths were extracted from the CTD data. Data were gridded in Ocean Data View.
Results
Oceanographic variability in oxygen and nutrient concentrations-The OMZ of the ETNP extends from the west coast of Mexico and Central America halfway across the Pacific Ocean (Fig. 1) . Suboxic waters reach their most northerly position off the coast of Baja California Sur, where at 24.7uN dissolved oxygen concentrations are 5-10 mmol kg 21 from 250 to 800 m. Low oxygen waters also extend into the Gulf of California (GOC) and reach similar latitudes (Figs. 1, 2B) . In July 2008, we sampled a series of seven stations in the ETNP and GOC that spanned this oxygen gradient: Sta. 1 was located in the Carmen Basin of the GOC, Sta. 2 was located near the mouth of the GOC, and Sta. 3 was located in the core of the ETNP OMZ (Fig. 1) , where oxygen concentrations declined rapidly with depth and dropped to 5 mmol kg 21 by 120 m (Fig. 2B) . Four additional stations extended north from the tip of Baja California Sur (Sta. 4) to several hundred kilometers off the coast of San Diego, California (Sta. 7; Fig. 1 ). Sta. 2 was sampled twice (referred to as 2a and 2b in the text). Along this transect, sea surface temperatures declined strongly from south to north, reaching nearly 30uC at Sta. 3 and less than 18uC at Sta. 7 (32.5uN; Fig. 2A ). Dissolved oxygen (DO) concentrations exhibited several broad trends, including minimum absolute concentrations of , 3 mmol kg 21 measured at Sta. 3, the southernmost station, as well as shoaling of the oxycline and thickening of the suboxic water mass to the south (Fig. 2B) . Suboxic waters (DO , 5 mmol kg 21 ) extended from 560 to 900 m at Sta. 1, from 120 to 915 m at Sta. 2a (with an intrusion of water with higher oxygen concentrations at 220-255 m), from 125 to 895 m at Sta. 3, from 175 to 875 m at Sta. 4, and from 304 to 330 m and 510 to 565 m at Sta. 5. DO exceeded 5 mmol kg 21 at all depths at Sta. 6 and 7 (Fig. 2B) .
The depth of the nitracline was greater at Sta. 3 and 6 (where NO { 3 was first detected at 75 and 55 m, respectively) but was relatively shallow at Sta. 1, 4, and 7, where NO { 3 was detectable at 25-40-m depth (Fig. 2C) . We observed similar variation in NH z 4 and NO { 2 concentrations between stations, but in contrast to NO { 3 , both reached maximum concentrations at discrete depths in the water column (Figs. 3D,I,N, 4D,I,N, 5C ,G). NH was rarely detected throughout the water column (detection limit was 5 nmol L 21 ), which may be indicative of rapid uptake, oxidation, or both (Fig. 4N) . At Sta. 2a, NH (Figs. 3D,I,N, 4D,I,N (Lipschultz et al. 1990; Lam et al. 2009; Ward et al. 2009 ). This feature extended from , 100 to 400 m at Sta. 3. oxidation occurred 30 m below the PNM at Sta. 7, but we did not make measurements within the PNM (Fig. 5F,G) . Hence, rate profiles showed a similar pattern to nutrient profiles: rates were low (although often detectable) at depths above the PNM, were highest near the PNM, and eventually declined with increasing depth in the water column. 15 the ETSP, and 1000 nmol L 21 d 21 , measured by Molina and Farias (2009) , also in the ETSP. Our highest measured rate was also 14-28 times greater than those measured just 5 m above and below, at 40-and 50-m depth at Sta. 2a (Fig. 3G) . This finding highlights the need for high-resolution measurements of nitrification rates in the water column, as pronounced peaks in 15 Ammonia oxidizer abundances and distributions-AOA and AOB abundances were quantified in tandem with 15 NH z 4 oxidation rate measurements, and QPCR measurements of 16S rRNA genes from marine Thaumarchaeota and archaeal ammonia mono-oxygenase subunit A (amoA) genes were strongly correlated with each other throughout the GOC and ETNP (r 2 5 0.95, p , 0.001). These data indicate that all Thaumarchaeota present in the GOC and ETNP, including those present under lowoxygen conditions, carry the amoA gene and therefore may be able to oxidize ammonia. These results contradict those produced using different amoA primer sets and that instead show a decrease in the ratio of amoA-containing Thaumarchaeota with depth (Agogue et al. 2008) ; however, the primers used in other studies likely miss some ''deep'' AOA ecotypes that have been detected in numerous other studies (see discussion in Konstantinidis et al. 2009; Santoro et al. 2010) and that all report strong correspondence between thaumarchaeal 16S rRNA and amoA genes (Church et al. 2010; Beman et al. 2010; Santoro et al. 2010) .
Variation in 15 NH
AOA outnumbered betaproteobacterial AOB (bAOB) at every depth at every station by 5.5-15,300-fold. bAOB were quantified using a QPCR protocol specific for the bacterial amoA gene but were undetectable in most samples (Figs. 3A,F ,K, 4A,F,K, 5A). However, we observed a general increase in bAOB abundance with increasing latitude: bAOB were not detected at Sta. 4, were present at low abundance at 120 m at Sta. 3 (16 amoA genes mL 21 ; Fig. 3K ), were slightly more abundant at Sta. 2a (0-22 amoA genes mL 21 ; Fig. 3F ), and increased in abundance from 0 to 126 amoA genes mL 21 at Sta. 1 and 5 (Figs. 3A,F) , from 0 to 154 amoA genes mL 21 at Sta. 6 (Fig. 4K) , and from 179 to 518 amoA genes mL 21 at Sta. 7 (Fig. 5E ). bAOB were also present over an expanded range of depths at more northerly stations, from 60 to 100 m at Sta. 5, for example, and from 65 to 150 m at Sta. 6. At Sta. 6, AOA and AOB amoA genes were positively correlated (r 2 5 0.71, p , 0.01).
These findings were corroborated by pyrosequencing of bacterial 16S rRNA genes from all samples from Sta. 1-6. Out of 420,240 total sequences, only 33 were from bAOB, and only six gammaproteobacterial AOB (cAOB) sequences were detected (Table 3) . AOB constituted just 0-0.1959% of reads in each library. The percentage of bAOB was correlated with amoA abundance measured using QPCR (Pearson's r 2 5 0.59, p , 0.001), and because the pyrosequencing libraries reflect the relative proportion of a given group within the bacterial assemblage (bacteriaspecific 16S rRNA primers were used) while QPCR data measure abundances per unit volume, the correlation between QPCR and pyrosequencing data was stronger for the Spearman correlation (Spearman's r 2 5 0.95, p , 0.001). There were several instances where bAOB were detected at low levels using QPCR but were not present in pyrosequencing libraries; however, the opposite did not occur-AOB were always detectable via QPCR when present in the pyrosequencing libraries.
Pyrosequencing also allowed us to resolve individual clades of bAOB-Nitrosomonas and Nitrosospira sp.-and cAOB, such as Nitrosococcus oceanii; cAOB were rarely detected via pyrosequencing in the GOC and ETNP and were recovered only in libraries from 550 to 800 m at Sta. 1, 300 m at Sta. 2a, 160 m at Sta. 4, 200 m at Sta. 5, and 65 m at Sta. 6 (Table 3) . This is consistent with low cAOB abundances reported in previous studies (Lam et al. 2007; Molina et al. 2007; Beman et al. 2008 ). The bAOB group Nitrosomonas was detected only at 80 and 100 m at Sta. 2a, whereas Nitrosospira sp. were detected at multiple depths at Sta. 1 and 2a and 5 and 6. The distribution of bAOB and cAOB 16S rRNA genes was also consistent within the water column, as Nitrosospira were typically present tens of meters below the PNM and just below the depth of 1% surface photosynthetically active radiation (SPAR; measured by CTD), while the cAOB Nitrosococcus were generally present at greater depths. The absolute abundance, the proportion of the bacterial community (based on pyrosequencing), and the depth range of AOB increased with latitude (Figs. 3A,C,F oxidation rate maximum fell below the PNM at Sta. 2a, 2b, 4, 6, and 7, and rates were low within the PNM at these stations (Figs. 3-5) . The rate maximum was 5 m above the PNM at Sta. 3, which likely reflects some combination of light limitation of phytoplankton, AOA/AOB, and NO { 2 oxidation. The rate peak and PNM were located at the same depth at Sta. 1 and 5, and it is possible that ammonia oxidation contributes to the formation of the PNM at these stations. 15 NH z 4 oxidation rates peaked within the ammonium maximum at Sta. 1, 3, and 5, suggesting that ammonia oxidizers quickly respond to regeneration of NH z 4 at these stations. The rate maximum fell below the ammonium maximum at Sta. 2a, 4, and 7, but it is possible that ammonia oxidation in fact depletes NH z 4 through rapid oxidation at these depths. Sta. 6 and 2b are good examples of this, as little NH z 4 was present within the water column, and ammonia oxidation was active over a broad depth range (Figs. 4L,N , 5B,C).
Depth profiles of AOA based on amoA and 16S rRNA genes displayed a general pattern similar to 15 NH z 4 oxidation rates: amoA and 16S rRNA genes were absent or present only at low levels in the euphotic zone, reached a subsurface peak near the PNM, and then decreased with depth (Figs. 3A,F,K, 4A ,F,K, 5A,E). This is consistent with AOA profiles collected off the coast of California (Santoro et al. 2010) , in the equatorial Pacific Ocean (Church et al. 2010) , and in the Black Sea (Lam et al. 2007 ). At some stations in the GOC and ETNP, rate and AOA profiles were similar, and ammonia oxidation rates and archaeal amoA genes were correlated with one another. The strongest correlation was observed at Sta. 6 (r 2 5 0.88, p , 0.001, for linear relationship; log r 2 5 0.83, p , 0.002, for logarithm of amoA genes), whereas rates and amoA genes were more weakly related at Sta. Sta. 2a and 5 exhibited sharp peaks in oxidation rates within the euphotic zone, but AOA were most abundant 35-50 m below these rate peaks (Figs. 3F,G, 4F,G) . Across our data set, rates were maximal, and AOA were most abundant (based on both 16S rRNA and amoA) at Sta. 2a, yet these peak values were separated by 35 m in the water column. Church et al. (2010) found high rates of amoA expression in the euphotic zone of the tropical and subtropical Pacific, including both high absolute levels of transcripts and elevated transcript abundances relative to gene copies. Although this may represent increased turnover of ammonia mono-oxygenase proteins due to damage (Church et al. 2010) , our data-based on measurement of oxidation rates relative to gene abundances-also indicate relatively high per cell activity. Interestingly, identical measurements repeated at Sta. 2 8 d later produced different AOA and rate profiles (e.g., . If this concept is correct, a testable hypothesis would be that AOA and oxidation rates are correlated in stratified or biogeochemically stable marine systems; calculated per cell rates would be more variable in physically disturbed systems or in areas where there is an influx of N due to lack of equilibration between population size and activity.
Oxygen, light, and 15 NH z 4 oxidation rates-Because N is regenerated while oxygen is depleted via microbial respiration of sinking organic material, ammonia oxidation rates are expected to closely parallel consumption of DO (Ward 2008) . Nitrification may in fact directly contribute to Table 2 . Integrated ammonia oxidation rates and the proportion occurring within the euphotic zone compared with integrated carbon fixation rate. Integrated ammonia oxidation rates were calculated over the top 300 m of the water column, and the proportion occurring above 1% surface photosynthetically active radiation (SPAR) is expressed as a percentage of the total. Integrated carbon fixation rates are also shown. The proportion of N demand that is directly provided by nitrification in the euphotic zone is calculated on the basis of integrated carbon fixation rates and Redfield stoichiometry and expressed as percentage. Table 3 . Presence of 16S rRNA sequences from AOB in pyrosequencing data. For stations and sampling depths where AOB were detected, the total number of 16S rRNA sequences recovered is shown, as are total numbers of 16S rRNA sequences for the different of bAOB and cAOB genera Nitrosospira, Nitrosomonas, and Nitrosococcus. The sum of these is also expressed as a percentage of the total sequences for each sample. Note that no AOB were detected via pyrosequencing at Sta. 3 and 4. consumption of DO (Ward 2008) , and assuming that DOcapturing peaks in specific nitrification rates; and differences in sampling and experimental approaches that produce widely varying specific nitrification rates (e.g., see fig. 1b in Yool et al. 2007 ). However, many of the highest recorded ammonia oxidation rates have been measured in OMZ regions (although not within suboxic waters), including the ETSP (Ward et al. 1989a; Lipschultz et al. 1990; Lam et al. 2009 ), Benguela upwelling (Rees et al. 2006) , and our measurements in the GOC and ETNP. Sutka et al. (2004) also measured an increase in nitrification rates as they transited from Sta. ALOHA in the North Pacific Subtropical Gyre into the ETNP but did not have sufficient depth resolution to identify rate peaks within the water column. While high ammonia oxidation rates have been observed at Sta. ALOHA (Dore and Karl 1996) and off the coast of California (Santoro et al. 2010) , our results and those from earlier studies indicate that ammonia oxidation can be compressed into a relative thin layer in OMZs, where it occurs rapidly. This layer is found at the base of the euphotic zone, where sinking organic material is remineralized and NH z 4 is regenerated, and is typically located within or just below the NH z 4 maximum and within or just above the oxycline (Figs. 3-5) . We hypothesize that these discrete rate maxima reflect increased ammonia supply in productive OMZ regions and the high ammonia affinity found among the AOA (MartensHabbena et al. 2009 ), which together lead to rapid ammonia oxidation mediated by AOA.
Microbial oceanography of ammonia oxidation-These results are consistent with other researchers' work indicating that the AOA are important mediators of nitrification in the Black Sea (Lam et al. 2007 ), California Current (Santoro et al. 2010) , and ETSP (Lam et al. 2009; Molina et al. 2010; Stewart et al. 2012) as well as our previous study of the GOC (Beman et al. 2008) . In the metatranscriptomic analysis of Stewart et al. (2012) , AOA dominated the transcriptome of the ETSP and represented one in five protein-coding transcripts at 85 m. Stewart et al. (2012) recovered few AOB transcripts, indicating that AOA were the dominant ammonia oxidizers in the ETSP. AOB were often undetectable by QPCR and pyrosequencing in the GOC and ETNP, including depths and stations where ammonia oxidation rates were substantial and AOA were present. For example, rapid 15 NH z 4 oxidation was measured in the euphotic zone, but no AOB were detected in thousands to tens of thousands of sequences. Combined with correspondence between 15 NH z 4 oxidation rates and MGI 16S rRNA and archaeal amoA genes, our results indicate that AOA actively oxidize ammonia in the ETNP.
However, our data also place constraints on the prospective niches of AOB within the ocean. They are consistent with light sensitivity in AOB (Lomas and Lipschultz 2006 and references therein), as AOB were not detected by either QPCR or pyrosequencing in the euphotic zone of the GOC and ETNP. At the greater depths where they were detected, AOB were located below AOA, and the few detectable cAOB were located below bAOB, leading to a ''stratigraphy'' of ammonia oxidizers in the water column. AOB sometimes exhibited a subsurface increase in abundance, including a clear increase at 80-100 m at Sta. 2a in association with a secondary peak in oxidation rates at the edge of the OMZ. In line with these findings, Lam et al. (2007) found that archaeal amoA transcripts were correlated with modeled ammonia oxidation rates in the Black Sea, but bAOB amoA was expressed at greater depths in the suboxic zone. In our data, AOB abundances were also correlated with oxidation rates at Sta. 6 (r 2 5 0.77, p , 0.005) and were more abundant at northern stations. Whether this reflects a large-scale pattern of increasing AOB abundance with increasing latitude will require additional measurements, but Church et al. (2010) observed a mirror-image pattern for AOA in the equatorial Pacific (specifically an increase in AOA abundance near the equator) suggestive of large-scale gradients in AOA and AOB throughout the Pacific Ocean.
Assembled together, our data capture rapid ammonia oxidation in the Gulf of California and ETNP that is variable with depth and among stations. Thaumarchaeota 16S rRNA genes and amoA genes were correlated with each other and with oxidation rates, whereas AOB were commonly undetectable by QPCR and among thousands of 16S rRNA sequences, supporting the idea that archaeal nitrification plays an important role in oceanic N cycling. It is also clear that AOA oxidize ammonia within the euphotic zone throughout the Pacific Ocean (Figs. 3, 4 ; Church et al. 2010; Santoro et al. 2010) and that oxidized N can be produced at substantial levels compared to phytoplankton N demand (Table 2 ; Dore and Karl 1996; Yool et al. 2007; Santoro et al. 2010) . AOA may directly compete with phytoplankton for N throughout the upper ocean, while ammonia and nitrite oxidation supply oxidized N to anaerobic processes in OMZs; this coupling and competition among multiple processes and microbial groups yields a complicated N cycle that is still understudied (Lam et al. 2009; Ward et al. 2009; Canfield et al. 2010b ) but must be understood in an ocean undergoing rapid change (Hutchins et al. 2009; Beman et al. 2011; Gruber 2011) .
